Turbulence or turbulent flow is a flow regime characterized by chaotic, stochastic property changes. In atmosphere the turbulence is a time-varying change of refraction index caused due to thermal flow of air. This flow significantly affects (reduces) the resolution limit of imaging systems. 1, 2 Superresolution is a field in which usage of a priori knowledge allows one to overcome the imaging limits imposed by the numerical aperture (NA) of the imaging lens. Various approaches for superresolution were previously introduced and demonstrated. All involve two steps. The first step is the encoding of the high-frequency spatial information that is not resolved by the camera by converting those spatial degrees of freedom into different domains such as time, [3] [4] [5] wavelength, 6,7 polarization, 8, 9 other spatial dimensions, 10, 11 or beyond the region of interest of the field of view. 12, 13 In the second step, a decoding is performed either optically or digitally that returns the converted high frequencies and reconstructs the high-resolution image. Thus basically superresolution is a conversion of spatial degrees of freedom while using the a priori available knowledge and by sacrificing other domains instead of space. 14, 15 In this Letter we propose not only not to lose resolution due to the turbulence effect but also to use it to obtain superresolved imaging, overcoming the diffraction limitations imposed by the f-number of the imaging lens. The idea is based on the timemultiplexing superresolution concept of Refs. 16 and 17, in which a high-resolution moving random pattern is projected or placed near the object; a set of images is captured by the detector while each is multiplied by the a priori known high-resolution pattern. The sum of images will decode the high-resolution details of the object that cannot be resolved otherwise due to the limited size of the NA of the given imaging lens. In our case the high-resolution encoding pattern is the turbulence perturbation appearing in proximity to the imaged object. The high-resolution a priori knowledge of the encoding pattern can be extracted digitally by computing the optical flow in the captured time sequence and by applying various imagefiltering approaches. 18 For the mathematical derivation we will denote the turbulence transmission distribution by q͑x͒ and the object by s͑x͒. Note that we assume intensities since we deal with incoherent illumination. We may express the intensity of the movement in front of the object, caused due to the turbulence, as
where v is the velocity of the flow of the turbulence. The blurred intensity I͑x , t͒ captured by the imaging camera equals
where p͑x͒ is the blurring point-spread function (generated due to the blurring of the optics and the diffraction). Substituting Eq. (1) into Eq. (2) yields
The decoding process includes the multiplication of the captured intensity I͑x , t͒ by the estimated highresolution a priori known turbulence distribution q͑x͒. Thus
where R͑x͒ is the reconstructed image. Note that the extraction of q͑x͒ can be done digitally by inspecting the time variations of the captured images sequence. 18 Substituting Eq. (3) into Eq. (4) yields
͑5͒
Since the turbulence (the background) is not correlated with itself one may assume the following:
where is a constant. Therefore by using this relation in Eq. (5) one obtains
Note that the first term in the reconstruction is the high-resolution image multiplied by a constant, and the second term is the low-resolution image. By subtracting the low-resolution image from the reconstruction we obtain the desired result.
Note that the proposed method as well as the mathematical derivation assumed that the turbulent medium is close to the object, and thus a multiplication operation can be assumed between the two. This assumption is true for instance when a hot platform is positioned close to the object, e.g., a target close to a black road on a sunny day. Obviously there are many cases in which the turbulent medium is not only close to the object but rather exists in the entire medium in between the camera and the object. In such cases a more complicated algorithm should be applied to obtain superresolved imaging (the decoding is no longer a multiplication operation). We are currently conducting future research on those cases.
The experimental validation included an object that was a text page positioned near an oven creating high-turbulence flow near the object. A camera placed a few meters aside captured a temporal sequence of low-resolution images. Another and different imaging device was used to estimate the turbulent flow function and used it to decode the high-resolution text using the described algorithm. The schematic sketch of the experimental configuration may be seen in Fig. 1 . As mentioned, a second imaging device was used to estimate the turbulence that encoded the object in the low-resolution imager. However, the approach we present in this Letter can be general, and the extraction of the high-resolution encoding turbulence flow may be done digitally by inspecting the time variations of the images sequence. 18 Note also that other approaches that are not based on direct imaging can be used as well to extract the time-varying turbulence distribution (e.g., scidar 19 or RF-projectionbased techniques).
The obtained experimental results are seen in Fig.  2 . In Fig. 2a we present the reference high-resolution image that we eventually wish to reconstruct from the sequence of low-resolution and turbulent images. In Fig. 2b one may see one of the time-sequential lowresolution captured images. Indeed the text that was used as the object cannot be read from those images. A sum of low-resolution images can be seen in Fig. 2c . This image is presented for comparison to demonstrate that out of the sum of the low-resolution images one may not resolve the text as well. In Fig. 2d one may see the estimated turbulent flow that we will use to decode the high-resolution information. The image of Fig. 2d is one of the time-varying sequence of turbulence images. The reconstruction obtained after applying the proposed approach (in which each one of the low-resolution images is multiplied by each one of the turbulence images and a lowresolution image is eventually subtracted from the overall sum) is seen in Fig. 2e . One may see that the unresolved text of Fig. 2b is now readable, and therefore a superresolved effect may be seen. To have a more quantified measure, we have compared the spectral width of the low-and the high-resolution images (by using the fast-Fourier-transform command of MATLAB). We saw that the spectral width is in- creased by a factor of about 3 between the two types of images.
Another interesting remark is related to the maximal distance between the object and the turbulence phase change. We believe that the distance between the object and the turbulence phase change should correspond to the Rayleigh distance of the coding function. The Rayleigh distance equals to
where is the wavelength and d is the diameter of the smallest detail we wish to extract. In our experiment d was less than half a millimeter, and therefore for the visible wavelength range Z R should be few tens of a centimeter. In the experiment this was approximately the distance between the turbulence source and the object.
In conclusion, turbulent flow of hot air was used to improve the diffraction limit of resolution in an imaging system. The proposed approach is a timemultiplexing approach in which a high-resolution random function of spatial perturbations positioned in proximity to an object encodes its high-resolution spatial content prior to being blurred by the resolution-limited imaging. By numerical or physical extraction of the high-resolution turbulent perturbation one may use it for the decoding process and to reconstruct the original high-resolution content of the object. Experimental demonstration provided preliminary validation of this approach.
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